Convergence of 22±2 mm yr −1 between the northward motion of the Arabian Plate relative to Eurasia at N8 • ±5 • E is accommodated by a combination of thrust and strike-slip faults in different parts of Iran. Dislocation modeling is used to examine the GPS data for this part of the Alpine-Himalayan mountain belt with more concentration in NW Iran. First, the vectors due to known Arabia-Eurasia rotation are reproduced by introducing structures that approximate the large-scale tectonics of the Middle East. Observed features of the smaller scale fault system are then progressively included in the model. Slip rate amplitudes and directions adjusted to fit available GPS data.
Introduction
It was recognized early in the development of plate tectonics that plate boundaries in continental areas are substantially wider than those in oceanic plates (Isacks et al., 1968; McKenzie, 1970; Molnar and Tapponnier, 1975) . Arabia-Eurasia oblique collision zone is such an area.
The surface deformations over long periods of time (Quaternary and Miocene) appear localized on the major fault systems. It occurs first in an earthquake. Total geological offset produced by a fault is derived from the sum of co-seismic offsets. Unfortunately, major earthquakes are rare, their return period are around e.g. 1800-2100, 500-800, and 850-950 years in the study region (Berberian and Yeats, 2001) .
Since the recording of seismic waves are * E-mail: arastbood@dena.kntu.ac.ir hardly more than one hundred years, any attempt to quantify the deformation by integrating the co-seismic deformation is unreliable. So attempts to estimate the surface deformation by summing the contributions of co-seismic deformation result in deformation rates inconsistent with long-term rates (Jackson et al., 1995) . Moreover the method of summation of the seismic moments diffuses and smoothes the deformation which can not be attributed to active faults but supposed to the continuous deformation of the lower crust and the upper mantle (Kostrov, 1974) . Thus seismicity does not make it possible to quantify the deformation. However seismicity and focal mechanism solutions in the study area (Figure 2(b) ) provide primary qualitative information to constrain the style of slip accommodated by a fault activity.
The global positioning system (GPS) is an important tool to quantify continental deformation to a precision and on a scale unprecedented in the Earth Sciences (Hager et al., 1991 Figure 2 (a). After Reilinger et al. (2006) .
better determination of the velocity vectors describing interseismic crustal deformation for this part of the Alpine-Himalayan mountain belt (Bayer et al., 2006; Djamour et al., 2010; Djamour et al., 2011; Masson et al., 2007; Masson et al., 2006; McClusky et al., 2000; McClusky et al., 2003; Nilforoushan et al., 2003; Peyret et al., 2009; Reilinger et al., 2006; Vernant et al., 2004a; Vernant et al., 2004b) .
Such deformation can now be compared with rates determined by geological and geomorphic methods over longer time periods (Allen et al., 2003; Bachmanov et al., 2004; Jackson et al., 2006; Nankali, 2011; Reilinger et al., 2006; Talebian and Jackson, 2002; Tavakoli et al., 2008; Vernant and Chéry, 2006; Vernant et al., 2004a; Jackson, 2002, 2004; Walpersdorf et al., 2006) .
Although this paper concentrates in NW Iran, we begin by creating a large-scale model that incorporates the major active structures and reproduce the results (including defects) of using a simple Arabia-Eurasia pole of rotation in the Middle East (Djamour et al., 2010; Vernant et al., 2004b) . Within the context of this model, velocity vectors are then examined using a knowledge of the faults with known Quaternary activity (Bachmanov et al., 2004; Copley and Jackson, 2006; Stocklin, 1968; Walker and Jackson, 2004) . This is done with more details in NW Iran based on GPS data. This part of Iran has excited interests because of destructive historical earthquakes (Ambraseys and Melville, 1982) . Further destructive events are to be expected in the future (Djamour et al., 2011) .
Recent modeling approaches have assumed that geological structures divide a region into blocks and use procedures that minimize strains within them (McClusky et al., 2001; Meade et al., 2002; Reilinger et al., 2006) . These procedures however, can result in motion on a structure being incompatible with surface observations (e.g. closure on an extensional feature). Our model does not require the closed undeforming blocks, but requires that the direction of the horizontal component of slip vectors on the structures that we model are compatible with geological and seismological observations (Canitez, 1969; Chandra, 1984; Hessami and Jamali, 2006) . The significance of deformation within blocks is discussed by Hubert-Ferrari et al. (2003) .
Based on observed extensions in NW Iran by Masson et al. (2006) we determine four locations for probable normal faults with slip rates between 2~5 mm/yr in these extensional regions. Using slip partitioning with more details we get a more precise tectonic model for the NW Iran. Our model explains the reason of extension observed in this region. It shows that this part of Iran is not only affected by Arabia-Eurasia collision but also contributes in the subduction motion of the South Caspian and Kura basins basement beneath the Apsheron-Balkhan sill and the Great Caucasus respectively.
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The tectonic framework
Iran in the boundary between Arabia and Eurasia ( Figure 1 ) is an ideal laboratory for studying the kinematics of plate interactions because of the various tectonic processes encountered, including continental collision (Zagros, Caucasus, Alborz, Kopet-Dag, Talesh), subduction of oceanic lithosphere (Makran) and a sharp transition between a young orogen (Zagros) and a subduction zone (Makran).
The geodynamics of the region is dominated by the convergence between the Arabia and Eurasia plates (Jackson and McKenzie, 1984, 1988) .
The Arabia-Eurasia convergence takes place first in southern Iran with the Zagros fold and thrust belt (Figure 2(a) ) that started as early as late Eocene (Hessami et al., 2001) . However, the climax of orogeny indicated by the Alborz and Zagros uplift and South Caspian subsidence took place during the late Neogene subsequent to the complete closure of the Neo-Tethyan ocean (Alavi, 1994; Berberian et al., 1982; Berberian, 1983 Berberian, , 1995 Falcon, 1974; Stocklin, 1968) . Compressional structures in this range are striking obliquely to the convergence direction (especially in the central and northern part). This is probably due to partitioning between thrusting and strike-slip on major faults such as the Main Recent Fault in northern Zagros (Jackson, 1992; Talebian and Jackson, 2002) . North of Zagros, the Central Iranian Block is believed to be rigid (Jackson and McKenzie, 1984) , and part of the deformation is transmitted to the north in the Alborz, Talesh and Caucasus Mountains (Figure 2 Lut Block is bordered to the west and east by large strike slip faults (Nowroozi and Mohajer-Ashjai, 1985; Tirrul et al., 1983; Walker and Jackson, 2002) . Large strike-slip motion is also reported along the Minab-Zandan-Palami fault zone that corresponds to the transition zone between the Zagros collision and Makran subduction (Falcon, 1976; Haynes and McQuillan, 1974; Kadinsky-Cade and Barazangi, 1982) . 
Modeling approach
Most of GPS velocity vectors relative to Eurasia can be explained by rotation of Arabia around an euler pole relative to Eurasia.
However, most GPS sites show misfits that fall outside the errors of observation. Our modeling approach solves this problem. It is described by Flerit et al. (2003) and Armijo et al. (2004) . Dislocation theory can be described as that part of the theory of elasticity dealing with surfaces across which the displacement field is discontinuous. The elastic dislocation formulation of Okada (1985) was used in our modeling, which expresses the displacement field at any given point as a function of fault geometrical parameters (slip rate, locking depth, dip, length and width) and the elastic constants of the medium (Lame coefficients). The Okada (1985) formulation is mathematically robust and tractable, and these attributes make it suitable for rapid forward modeling.
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As commonly done in mathematical physics, it is necessary for simplicity to make some assumptions. Here the curvature of the earth, its gravity, temperature, magnetism and non-homogeneity Journal of Geodetic Science are neglected and a semi-infinite medium which is homogeneous and isotropic is considered. For our modeling, the geometrical fault parameters are constant for each fault segment (element) and displacements are calculated at each point on the free surface.
For most faults in the model, the GPS coverage is not sufficiently dense near the faults to provide good constraints on fault locking depths. This adds an uncertainty to model slip rates because there is a trade-off between locking depth and slip rate (slip rate increases with locking depth) (Meade and Hager, 2005) . This trade-off occurs because GPS velocities near a locked fault will have smaller velocities than those far from the fault due to the Journal of Geodetic Science effects of strain accumulation. The distance of most of the GPS measurement points to the elements is significantly greater than locking depth. As a result, the contribution of interseismic strain is generally minor and the locking depth value has little effect in the modeling.
On the other hand sensitivity analysis was done to determine the sensitivity of the Okada (1985) model with respect to input parameters. Our analysis shows that the model has maximum sensitivity to fault slip rate parameter and minimum sensitivity to the length of fault. Also this model has no sensitivity to lame coefficients in the Poisson solid case. It's important to note that this model sensitivity to slip rate of a fault is more than of sensitivity to fault locking depth. In GPS velocity field modeling, an average locking depth value (15 km) used for faults. Trial and error approach was done more on fault slip rate than locking depth.
Journal of Geodetic Science 292
Our model differs from rigid block models (Reilinger et al., 2006) .
While the GPS vectors can be fitted, dislocation conditions at the block boundaries are often incompatible with geological evidence.
In our alternative strategy for modeling, it is assumed that faults are the surface expression of deeper structures. They consist of rectangular elements that extend from a locking depth of 15 km to 100,000 km (effectively infinite depth) in an elastic half space (Poisson's ratio 0.25). This simulates vertical structures that extend through the lower crust and upper mantle to the asthenosphere which are then modeled by dislocation elements in a half-space; a common approach to modeling GPS data (Savage and Burford, 1973) . The slip vectors that fit the GPS velocity field are found by forward modeling.
In this approach slip is everywhere required to have a direction of motion consistent with geological constraints (focal mechanisms).
The dislocations do not divide the region into closed rigid blocks and slip can vary along strike or die out as observed geologically.
As a consequence, the lithosphere experiences elastic or plastic strain between the main structures for our models (Armijo et al., 2004; Flerit et al., 2003) .
At the end we obtain a tectonic model for Arabia-Eurasia oblique collision zone with more details in NW Iran that is more realistic than the rigid block model (Reilinger et al., 2006) or models based on seismic or geologic strain rates only (Haines, 1982; Haines and Holt, 1993; Jackson et al., 1995; Masson et al., 2005) since (1) The modeling of present-day velocity field determined with GPS data incorporates geological constraints on the geometry of the main structures and on the long-term deformation; (2) The regions between major faults are not rigid and so the modeling allows for internal deformation.
GPS observations and modeling
Velocity measurements by GPS provide a direct image of the current velocities throughout the oblique collision zone of Arabian and Eurasian plates. The GPS observations on which this study is based are from campaign and continuous GPS networks in the region of Iran and eastern Turkey and are shown in Figure 2 (Eurasia fixed).
GPS observations
The GPS network used for modeling extends throughout Iran and The GAMIT/GLOBK software package (Herring et al., 2009a, b) was used to compute the coordinates and velocities of the sites using a three-step strategy (Dong et al., 1998; Feigl et al., 1993) . Pole of rotation between common sites of two velocity fields (Hefty, 2007) . Only 3 sites are common to the two solutions, the CGPS NSSP in Armenia and 2 SGPS sites in NW Iran (MIAN and BIJA). The RMS of the difference between local velocity solution and the Reilinger et al. (2006) solution is 0.69 mm/yr, within the average 2σ velocity uncertainty. Therefore we assume that there is no significant difference between the reference frames of these 2 velocity solutions. We used the combined velocity field for large-scale and detailed modeling. Journal of Geodetic Science 293 Table 1 . East and north GPS velocity components (Ve, Vn) and 1σ uncertainties (σ e , σ n ) in a Eurasia-fixed reference frame as determined by Djamour et al. (2011) and Reilinger et al. (2006) . Latitude (lat.) and Longitude (long.) are given in degrees north and east, respectively. East (Ve) and North (Vn) velocity components and their uncertainties (σ e and σ n ) are given in mm/yr. Corr. = correlation coefficient between the east and north uncertainties. An "*" in the site column designates continuous GPS stations. References are dj, (Djamour et al., 2011) and re, (Reilinger et al., 2006 
Fault kinematic data

Large-scale modeling in the Middle-East and detailed modeling in Iran
Deformation is calculated using the results for rectangular dislocation elements of Okada (1985) in a similar manner to that exceptions the fit is within the quoted error ellipses of Reilinger et al. (2006) . The remaining misfits are not systematically distributed indicating that individual sites are anomalous or are affected by small local structures.
Comparing Figure 4 and Figure 5 indicate that inside faults of Iran increase their velocity field amplitude and rotate it from SW-NE to N-S and SSE-NNW direction.
Detailed modeling for NW Iran
To continue more detailed modeling in NW Iran, dense GPS velocity vectors selected from Djamour et al. (2011) (Table 1 ). Figure 3(b) shows GPS data used for this purpose with their 95% confidence limits for this region. Motion is referenced to fixed Eurasia. Then active faults in this region selected with more details according to Vernant et al. (2004b) (Figure 7(a) ) and Hessami et al. (2003) ( Figure 7(b) ).
Modeling results using just strike slip and thrust faults as expected mm/yr for normal faults shown in Figure 9 (a). The details of elements used for large-scale and detailed modelling provided in Appendix A ( Figure 10 ; Table 2 ). Columns 10 and 11 of Table 1 show the misfit of each GPS site (residual velocities) from our best fit model.
Then we removed the South Caspian and Kura basin subduction elements from the best fit model. In this case model vectors have low amplitude in comparison with observed vectors (Figure 10(a) ).
Residual vectors and shading indicate a systematic effect in the model without mentioned subductions (Figure 10(b) ). Comparing Figures 8 and 9 indicates that the deformation in the NW Iran is influenced both by Arabia-Eurasia collision and subduction motion of the South Caspian and Kura basins basement beneath the Apsheron-Balkhan sill and the Great Caucasus respectively. Such that these subductions increase the model velocity magnitudes and rotate it from NNW to NNE direction. We suggest that the normal faulting in NW Iran could be due to these subductions. So our model proves the idea that the existence of these subductions explains the extension observed by GPS vectors in the core of the Arabia-Eurasia collision.
Conclusions
The concepts of dislocation theory can be applied to the deformation modeling of different parts of Middle East. We have first produced an overall model of the regional displacement field for Iran, consistent with the large-scale kinematics of Arabia and Eurasia collision and with geological features known to be active.
In general, this correctly describes the displacement field in Iran, but closer to it the fit to the data is poor. To fit observations better, more detailed slip partitioning among faults is required. For observed extension we estimated slip rates for four probable normal faults in the extensional regions between 2~5 mm/yr.
To get better results for slip partitioning, using more dense GPS networks in the study region is highly recommended.
Partitioned slip rates using dislocation theory could be used to improve seismic hazard analysis in the study area.
Appendix A
The Arabia-Eurasia motion fits the motion defined by Djamour et al. (2011) and Reilinger et al. (2006) . Slip rates for elements in
Iran have direction compatible with geological and seismological constraints. Their magnitude is adjusted for the model to fit the GPS velocity vectors. and 3(b) of the main text. Figure 10 shows the location of the elements in map form.
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